Scattering of electromagnetic waves from a magnetized plasma column is investigated using Maxwell's equations and applying boundary conditions. Backscattering cross section is evaluated by analytic solution of electric fields inside and outside of plasma column. Plots of backscattering cross section versus frequency, for the range up to J band, reveal two main peaks and two sidebands. Effects of plasma density and radius, as main parameters determining the characteristics of plasma column, on backscattering are discussed. Furthermore, the effect of electromagnetic wave incidence angle on backscattering of plasma column is included in the analysis. The influence of wave incidence angle and frequency, as well as, plasma density and radius on scattering pattern, which is an indicator of the distribution of scattered power in different azimuthal angles, is discussed. V C 2015 AIP Publishing LLC. [http://dx
Scattering of electromagnetic waves from a magnetized plasma column at oblique incidence
I. INTRODUCTION
Scattering of electromagnetic waves in various media has been the subject of many studies. [1] [2] [3] [4] [5] In particular, scattering of these waves in plasmas of different shapes and dimensions has been of interest. [6] [7] [8] [9] [10] Studies on scattering of electromagnetic waves off of plasma columns can provide valuable information on the utility of plasma antennas and frequency selective surfaces. Cylindrical plasma antennas are versatile with respect to shape, frequency, gain, bandwidth, and directivity. Furthermore, these antennas offer the possibility of producing structures of low radar cross section at lower cost than conventional metal structures. The extracted scattering information from a plasma column primarily includes the analysis of the scattered power and its corresponding cross section. The backscattering cross section and scattered power are analytically and numerically calculated by different methods. Su analyzed the scattering of electromagnetic waves by a dielectric body with arbitrary shape using Green's function. 11 He formulated an integral equation for electric field and obtained the solution through the algorithm of conjugate gradient method and fast Fourier transform (FFT).This method provides a powerful tool in three-dimensional study of scattering of electromagnetic waves. Qian et al. studied electromagnetic waves propagation in a plasma tube. 12 They calculated the return loss of the plasma tube, which is proportional to backscattering cross section, by the method of finite difference time domain (FDTD). They have argued that a plasma tube utilized as an antenna has many advantages over regular metal antennas.
The scattered fields can also be computed by application of Maxwell's equations and the corresponding boundary conditions. [13] [14] [15] [16] Rusch and Yeh investigated the scattering of electromagnetic waves by an infinite cylinder coated with an inhomogeneous and anisotropic plasma sheath using Maxwell's equations. 13 They solved Maxwell's equations analytically and calculated the scattered power and backscattering cross section by the application of boundary conditions. Jazi et al. considered the analysis of electromagnetic waves scattered from a thin annular magnetized relativistic rotating electron beam with dielectric rod.
14 They used Maxwell's equations along with appropriate boundary conditions that led to a matrix equation for field amplitudes. In all of these studies, the incident electromagnetic waves were considered to impinge on plasma media at normal angle. Wait, for the first time, formulated the scattering of plane electromagnetic waves from a dielectric cylinder at oblique incidence. 16 Scattering of obliquely incident electromagnetic waves from a plasma column was investigated by Yeh. 17 In his report, behavior of scattering cross section and scattering pattern are discussed while plasma column is assumed unmagnetized and isotropic.
In the present study, the scattering of obliquely incident electromagnetic waves in magnetized plasma is comprehensively considered for the first time. The magnetized plasma column is anisotropic and satisfies Maxwell's equations in a more complicated form due to its dielectric tensor properties. Maxwell's equations and appropriate boundary conditions are applied to evaluate the backscattering cross section and scattered power. The analysis includes the scattering of microwaves by a plasma column, which is immersed in constant magnetic field. The electromagnetic waves in TE mode are incident at arbitrary angle on a magnetized plasma column. In Sec. II, the scattered fields are evaluated and the backscattering cross section is defined. The effect of frequency, radius, plasma density, and incidence angle on backscattering cross section and scattered power is discussed in Sec. III. Section IV is devoted to the analysis of scattering patterns. The concluding remarks are presented in Sec. V.
II. CALCULATION OF SCATTERED FIELDS
Plane electromagnetic waves in microwave region are considered to be incident on a plasma columñ 
where x and k 1 are frequency and wave number, respectively. The plasma column is immersed in a constant magnetic field (B ¼ Bẑ), and the radius of plasma column is comparable to the electromagnetic wave wavelength. Thus, the plasma column is assumed anisotropic, collision-less, and characterized by a second rank dielectric tensor.
Furthermore, it is considered that 
where
The incident electromagnetic waves will be scattered at different angles. It is assumed that plane electromagnetic waves are propagating in x-z plane ( Figure 1 
Here, a is the incident angle of electromagnetic waves. The electromagnetic waves inside the column are labeled by "t" and consist of both transmitted and absorbed waves.
(Absorption of electromagnetic waves is due to imaginary part of dielectric tensor.) The scattered electromagnetic waves are labeled by "s." The electric and magnetic fields satisfy the following equations:
Substitution of dielectric tensor components and further consideration of above equations, as well as, Maxwell's equations in cylindrical coordinates lead to
In the above equations, the electromagnetic field components along the longitudinal and azimuthal direction are assumed to be proportional to e ik 1 z sin a and e imu , respectively. The Bessel and Hankel functions are the solutions of Eqs. (11) and (12), as well as, (13) and (14) . 18 The Hankel function of the first kind is the appropriate solution for outside of plasma column, while the Bessel function is the solution for the inside region. Therefore,
The wave number, k 2 for the inside of the plasma column is given as
Other components of transmitted electric and magnetic fields can be derived by means of Maxwell's equations 
Here, C is defined as
Components of scattered fields can be derived through the following equations:
The coefficients A m , B m , C m , and D m are obtained through the application of boundary conditions
Here, 
Therefore, all components of electric and magnetic fields of scattered and transmitted waves can be determined from Eq.
(25) and evaluation of coefficients A m , B m , C m , and D m . The analysis shows that the transmitted and scattered waves are neither in TE nor in TM mode. Equation (20) indicates that if the incident wave is purely TM (or TE) then the secondary transmitted field is not purely TM (or TE). Similarly, from Eq. (23) one can realize that if the incident wave is characterized by purely TM (or TE) mode, the secondary scattered wave is superposition of both TE and TM modes. This result is not restricted to the plasma column. It has been shown that when the electromagnetic waves (in TE or TM mode) impinge upon a dielectric cylinder in oblique incidence, the transmitted and scattered waves do not follow the same mode as the incidence wave, and the resultant fields are superposition of TM and TE modes. 16 In the case of the plasma column, when electromagnetic waves (in TE or TM mode) are incident on a magnetized plasma at normal angle, the scattered and transmitted waves are in two independent modes, namely, B and E-mode. 14, 15 This is not true in the general case of oblique incidence. It is evident from Eqs. (20) and (23) that in the case of oblique incidence it is necessary to express transmitted and scattered waves as a superposition of B and E-modes.
Considering the asymptotic form of Hankel functions
the normalized backscattering differential cross section "r N " can be expressed as
The backscattering cross section is dependent upon plasma frequency, radius of plasma column, incident angle, and frequency of electromagnetic waves, which will be investigated in Sec. III.
III. BACKSCATTERING CROSS SECTION ANALYSIS
When microwaves of high enough energy are incident on plasma column at arbitrary angle, charged particles of plasma are accelerated and they radiate electromagnetic waves. Doppler shift of radiated fields is insignificant, and their frequency is the same as microwave frequency. This can be traced back to the low intensity of microwaves and low velocity of charged particles. The scattered waves will propagate in different directions due to randomness of plasma medium. When frequency of microwaves is much greater than plasma frequency, the reflection will then be very insignificant and most of the waves will be transmitted. The scattering of microwaves by plasma column is characterized by backscattering cross section, which is dependent upon plasma frequency, radius of plasma column, incident angle, and frequency of electromagnetic waves. 
FIG. 3. Normalized backscattering cross section versus frequency where
The scattering cross section in general is a measure of detectability of objects in experiments and is an important parameter that must be determined for the design of practical electromagnetic waves scattering set ups. The effect of frequency of electromagnetic waves on backscattering cross section has been investigated. Figure 2 is the plot of backscattering cross section versus frequency for a wave incident on a plasma column of radius 10 cm at normal angle. For the present analysis, the electron cyclotron frequency is assumed 0.5GHz. The Plasma and cyclotron frequency are defined as
respectively. As the figure shows, there are some sidebands along with two main peaks located at 2.6 and 14 GHz, respectively. The frequency plot of backscattering (Fig. 2) follows the same trend cited in previous studies. 14, 15 These plots generally include some main peaks at frequencies where backward scattering is maximized. Although, the number of peaks and their locations are different in various studies, the global behavior of backscattering cross section in each case follows the same formation.
Next the effect of plasma density on backscattering cross section was investigated. In Figures 3(a)-3(d) , the electromagnetic waves were incident at a normal angle on a plasma column of radius 10 cm while plama frequency varied from 0.5 to 4 GHz. These plots include two main peaks and some sidebands. The location of the first main peak is shifted toward higher frequencies as the plasma frequency increases while the second main peak is not changed. As far as the magnitude of main peaks, the first main peak of scattering cross section experiences a rise while the second main peak declines as the plasma density increases. Figure 4 shows the plots of backscattering cross section versus plasma density at different frequencies. Here, the plasma column radius is assumed 10 cm and waves are at normal incidence to the column. These plots indicate that for low frequency range, the normalized backscattering cross section increases linearly as plasma density increases (Figs. 4(a)-4(c) ). This behavior is reversed at higher frequencies (Figs. 4(d) and 4(e) ) and backscattering cross section decreases. In Figure 4(f) , the action of the low frequency range is repeated in upper frequncies.
The plots of normalized backscattering cross section versus frequency for different plasma column radii are shown in Figure 5 . Four different radii of 7, 12, 15, and 30 cm were selected (Figs. 5(a)-5(d) ). In these plots the locations of the first and the second peaks are not steady. As the plasma column radius increases, both peaks shift toward lower frequencies. Larger radii make the first peak sharper and shift that towards lower frequencies. Therefore, it can be conluded that larger radii result in amplification of backward scattering at low frequencies. The amount of backscattering cross section represented by the second peak is approximately constant while the value corresponding to the first peak increases with increasements of radius. It can be noticed from the figures that the increase in radius leads to more sideband peaks.
The effect of changing incident angle on backscattering cross section of obliquely incident electromagnetic 
waves on the plasma column has never been investigated. The propagating wave incidence angle on the plasma column can be changed by altering the position of micowave source. In Figure 6 , the plot of backscattering cross section versus frequency for different incident angles is presented. In Figure 6 (a), for incidence angle of 15 , three main peaks along with one sideband appeared in the frquency range of 1-20 GHz. As the incidence angle reaches 30 , the sideband is vanished and the main peaks are suppressed (Figure 6(b) ). In Figure 6 
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direction of backward scattering in some cases is of a greater value in comparison to other azimuthal angles and particularly with respect to forward scattering. In Figure  7 , the scattering pattern of an electromagnetic wave as a function of azimuthal angle, at frequencies of 3, 6, 9, and 14 GHz, incident on a plasma column of radius 10 cm at normal angle, is presented. Here, the plasma frequency is assumed 1 GHz. It can be realized from Figure 7 that the scattered power is concentrated in backward direction at 3 GHz. The scattered power in forward direction experiences an increase as frequency rises, and it is more pronounced at 9 GHz. This trend is halted at higher frequencies, and most of the scattered power is concentrated in backward direction at 14 GHz. In Figure 8 , incident angle is changed to 30 while all other parameters are constant. The comparison of Figures 7 and 8 indicates that at 3 GHz, the distribution of the scattered power remains the same. The scattered power at 6 GHz is concentrated in backward direction while the pattern in previous figure does not follow this behavior. The pattern at higher frequencies has the same trend as Figure 7 while new lobes appear in the patterns. In Figure 9 , for normal incident angle, plasma frequency (plasma density) was changed to 0.5 GHz. As the figure shows, no significant change is noticed in comparison to Figure7. In Figure 10 , the radius of plasma column was changed to 12 cm while other parameters remained the same as those of Figure 7 . New lobes appear in the patterns at higher frequencies where the general behavior remains the same as those in Figure  7 . The zonal distributions of the normalized scattered power are marked inside and outside of the azimuthal circles in Figures 7-10. (The scattered power is normalized to the incident power.)
V. CONCLUSION
In this article, the scattering of electromagnetic radiation from a plasma column was investigated. The backscattering cross section and scattered power were evaluated by means of Maxwell's equations and application of boundary conditions. The effects of plasma density and electromagnetic wave incident angle on backscattering were examined for the first time. The scattering pattern and backscattering cross section were analyzed under different conditions such as change in incoming wave frequency, incident angle, plasma column radius, and plasma density. The analysis revealed that backscattering cross section increases linearly with density in low frequency range. Plots of backscattering cross section versus frequency comprise two main peaks and some sidebands. The locations of the main peaks are dependent upon plasma parameters. The study of the effect of plasma radius on backscattering cross section discloses that the larger plasma column radius leads to increase in the number of sideband peaks. The scattering patterns for different 
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frequencies, radii, plasma densities, and incident angles had different shapes and were not generally symmetric. These patterns can be useful in design of experimental setups to choose the appropriate conditions to maximize or minimize the scattered power in specific direction.
